Abstract-A recently developed EITS system, the UCLH mk2.5 was tested on a resistor phantom and in linear time and frequency difference imaging of a cylindrical tank, 10cm diameter, filled with 0.1% saline, and 16 electrodes in a ring; the test object was a cylinder of banana, 2 cm long and 1 cm in diameter. Reproducible images with the same location as the test object were obtained with both methods. Noise over time was similar to previous measurements, 0.3%. The pixels located at the centre of the perturbation showed a similar spectrum to that measured with a HP impedance analyser with a centre frequency of 16 kHz compared to the 10 kHz with the HP impedance analyser. Overall, the system is much improved and is being evaluated in blood filled tanks, to represent more demanding multi-frequency test objects, with a view to use in human subjects.
I. INTRODUCTION
Electrical Impedance Tomography Spectroscopy (EITS) has the potential to be used for imaging in acute stroke, as it could be employed in casualty wards for urgent neuroimaging where CT was not practical, as this could enable urgent use of clot-dissolving therapy. As time difference imaging is not possible, it has to be employed in absolute or frequency difference mode. In our group at UCL, we have elected for frequency difference, as it still has the possibility for cancellation of some instrumentation error across frequencies.
The first system to be used for this purpose, the UCLH Mk2 [1] , was based on a single channel of the Sheffield Mk3.5 system [2] multiplexed to 64 electrodes. Unfortunately, image quality in subjects with similar conditions to acute stroke was unsatisfactory. The bandwidth and performance across frequency of this system was limited; at the same time, modelling indicated that extension of recording from 2 kHz down to 20 Hz would improve SNR [3] . We have therefore produced a Mk 2.5 system with bandwidth 20 Hz-1.6 MHz and circuitry to increase input and output impedance [4] .
The purpose of this work was to determine if this conferred improved performance in practice, measured in terms both of the flatness of frequency response with load, and image quality in saline filled tanks.
II. MATERIALS AND METHODS

A. Resistor Phantom Measurements
The response of the Mk2.5 system was measured at all frequencies over a logarithmically varying load from 5.3 to 75 Ω using discrete resistors with contact impedance of 500Ω. This contact impedance was required at least on the drive electrodes to reduce the voltage output of the current source to the compliance range of the voltage amplifier. The impedance of the load was validated using a HewlettPackard HP4284A impedance analyser.
A 2 litre cylindrical tank (0.15m diameter 100mm high ) with 32 equally spaced, recessed stainless steel electrodes of 5mm diameter in a single ring was used for calibration over serial saline (NaCl) dilutions. The saline was serially diluted by a factor of 2 from 0.2% to 0.00125% NaCl. A diametric protocol was used where the drive combinations were on the 16 most distant pairs and the receive combinations were on the other adjacent electrode pairs.
B. Imaging
The Mk2.5 was also tested for linear time and frequency difference imaging on a 16 electrode cylindrical tank, 10cm diameter, filled with 0.1% saline. The test object was a cylinder of banana, 2 cm long and 1 cm in diameter. Previous direct impedance measurements of banana, potato, and cucumber have suggested using banana, as its resistivity changes similarly to the normal brain tissue up to 10 kHz (resembling α-dispersion occurring in normal brain tissue) [5] .
The impedance of the test materials were measured directly. 0.1% saline was measured in Perspex tubes, inner diameter 10mm, and 50, 100 or 129 mm long. At each end was a chlorided silver disc electrode occupying the full diameter of the tube. All air bubbles were carefully eliminated. Cylinders of banana of 3 different lengths were placed between the electrodes. All test objects and media were measured at 23-24 degrees. Measurements were made in a two-terminal mode with a HP 4284A impedance analyzer from 20Hz to 1MHz. The HP analyzer was set to provide a constant voltage for all frequencies. The HP analyzer was also set to correct for 1m lead of cables. As the direct measurement was in two terminal mode, calibration was performed by taking intercept of resistivity against tube length or sample length in order to account for electrode impedance.
EIT data was collected over 20Hz to 1.6MHz with an applied rms current of 293uA. All channels were sorted, scaled to the voltages measured on a 33 ohm resistor and averaged for all sets of data. Data acquired during measurement were reconstructed using linear time and frequency difference and imaging methods. The test object was placed close to one of the two electrodes. The image profile between the nearest and most distant electrode was examined. If the position of the pixels within 90% of maximum impedance change agreed with the test object position, an average of these pixels was taken as the impedance change caused by the test object. This figure was then compared to conductivity spectrums obtained in direct measurement with impedance analyzer.
III. RESULTS
A. Resistor Phantom Measurements
Testing a single channel on a resistor of 20 Ohm showed an increase in the lower frequency range to 20Hz compared to 2kHz previously and an improvement in CMRR of 10dB over 20Hz -1.6MHz. Linearity over 20Hz -256kHz with loads of 10 -65 Ohm, similar to those encountered in the adult human head, was 0.2% on discrete resistors with one channel and 0.7% (16 channels) on serial tank dilutions of NaCl . The pixels located at the centre of the perturbation showed a similar spectrum to that measured with a HP impedance analyser with a centre frequency of 16 kHz compared to the 10 kHz with the HP impedance analyser. Banana samples had maximum phase angle of about 40° at the centre frequency of 50 kHz. Resistivities varied from 24 ± 3.5 ohm/m at 10 KHz to 2 ± 0.3 ohm/m (mean±1SD) at 1 MHz. There is therefore a variability of about ± 15% in parameters measured between different samples of banana in a direct impedance measurement.
IV. DISCUSSION
An improved, more compact multi-frequency EIT system for imaging acute stroke has been developed, calibrated and tested with imaging on saline filled tanks. The low frequency bandwidth has been extended to 20Hz as suggested by recent stroke modelling. The output impedance of the current source and input impedance of the voltage measurement have been improved to 1MΩ and the maximum linear load impedance was increased to 70Ω. The use of improved isolation has improved the CMRR to 80dB at most frequencies with the cross point switch having no detrimental effect on CMRR. CMRR was measured without considering electrode imbalance.
Determination of the load permitted optimization of the instrumentation for recording in the adult head. The error over load and frequency in a single channel measurement on a resistor network was +/-0.2% for loads above about 10% of full range; below that it doubled, probably because the amplifiers had fixed gain and so the signal to noise ratio reduced. When recorded in a tank, there were the additional factors of multiple electrode combinations and increased stray capacitance from leads 50 cm long as opposed to 10 cm with the resistor network. The variation over load and frequency was then +/-0.7% for loads greater than 10% of full range.
Imaging of the test objects was successful in a time difference and frequency difference imaging as expected from the direct impedance measurements. The time difference images are clearer, with less electrode artifact and the recovered spectra more closely match the directly measured impedance. This suggests that the frequency difference reconstruction algorithm needs improvement, one suggestion is the use of prior knowledge of impedance spectra of the internal materials and use of the spectra in parametric reconstruction.
Banana has sufficient reactance to cause a detectable impedance increase in comparison with the saline in a frequency difference imaging. The spectral response over frequency had a similar shape to the spectrums obtained in direct impedance measurements; although those extracted from the reconstructed data were slightly shifted (centre frequency for banana was 50 kHz when measured directly 20Hz/80 Hz 20Hz/10.24 kHz 20Hz/128 kHz 20Hz/512 kHz and 32 kHz when using EIT). However this is an improvement over results with a previous system [1] . A review of literature has suggested that the use of sponge as a test object only resembles dielectric properties of ischemic brain tissue in a frequency range of 1 kHz to 1MHz. As the largest impedance changes of 75 to 100% due to ischemia are expected to be at frequencies below 1 kHz, we suggest the use of test objects of similar impedance changes. Banana as a test object causes almost 800% change at 10 kHz, demonstrating that these encouraging results are a somewhat unrealistic proxy of changes caused by ischaemic stroke. Previous direct impedance measurements suggested flesh of melon immersed in a tank filled with spun blood should produce changes of increased impedance by approximately of 100 -110% so therefore it might be an option for resembling ischemic stroke for low frequencies [5] . In addition packed red blood cells (PRBC) is only liquid medium that has significant capacitance and could therefore resemble properties of normal brain tissue. As a test object we could use banana or melon and dilute the PRBC to the conductivity values similar to what are expected in ischemic stroke.
Overall, the system is much improved and is being evaluated in blood filled tanks, to represent more demanding multi-frequency test objects, with a view to use in human subjects.
